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The gold-germanium-silicon alloy system has been demonstrated to be capable of furnishing solders melting
below 450°C for gold jewellery with a fineness above 21 carats. The application of a thin gold plating to the
alloys in foil form confers the requisite flow and spreading characteristics, when melted in a nitrogen atmosphere.
Good colour matching can be achieved by a short post-soldering heat treatment, which modifies the alloy
microstructure. The mechanical properties of these materials, as determined by shear and peel tests, are suitable
for jewellery applications, although Bilicon and germanium differ considerably from gold with regard to their elec-
trochemical potential, the continuous gold matrix ensures that the alloys maintain a high resistance to the acidic
cleaning liquids used in doinestic environments.
Most quality gold jewellery is made to 18 carat fine-
ness. The joining of 18 carat items is traditionally car-
ried out using `gold solders', but strictly speaking these
fellers are brazes rather than solders, having working
temperatures in the range 750-900°C (1). There are
disadvantages to using such high temperatures, partic-
ularly as to their effect on the mechanical strength and
hardness of the jewellery items, and their use adds to
the complexity and colt of the process (2). The possi-
bility of identifying a true solder (melting below
450°C) has been examined but no known alloy has
previously been reported to simultaneously satisfy the
other essential criterion of an 18 carat jewellery solder,
namely colour matching to yellow gold.
An alternative approach which we have develóped
is diffusion soldering, where a layer of a low melting
point base metal (e.g. tin, indium) is placed between
gold components and melted. Keeping the layer of the
base metal thin confers two major advantages, namely,
the solder can be made to completely react with the
gold components to achieve high caratage joints which
are colour matched to yellow gold, and the mechanical
properties of the gold-enriched joint are superior to
those of the base metal and comparable with those of
18 carat gold (3). This diffusion soldering process has
two practical constraints, however, namely the reed for
co-planar components and the pressure which must be
applied during the joining operation.
The conventional 22 carat solder available in the
UK (Au/Ag/Cu/Zn) has a melting point range of 860-
880°C, only 100°C below that for the alloy to be
joined; this is clearly too narrow a difference for com-
fort. There is an increasing demand for 22 carat gold
jewellery, and a suitable solder has therefore been
sought (2). It is clear that the most practical high
caratage gold solder would be a eutectiferous alloy,
melting at a temperature well below that of gold itself.
Two gold eutectic alloys that conform to this require-
ment are the Au-3 wt% Si (melting point = 363°C;
Figure 1) and Au-12 wt% Ge (melting point = 361°C;
Figure 1 Gold-silicon phase diagram
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Figure 2 Gold-germanium phase diagram
Figure 2). Henceforth all compositions quoted are in
weiglit percent.
Both these binary eutectic alloys are used in the
electronics industry as high temperature solders, partic-
ularly for attaching integrated circuit chips to pacic-
ages. They are also used in the fabrication of the elec-
tronic packages that are required to hermetically seal
delicate components. Au-12Ge is used to seal-in
feedthroughs to provide electrical connection between
the circuitry within the packages and the external cir-
cuitry. However, die attachment using Au-3Si foil pre-
forms requires that the components are 'scrubbed'
(mechanically agitated) during the joining operation
under a shroud of argon or nitrogen to achieve satisfac-
tory wetting. The Au-12Ge solder does not require
scrubbing but it does treed to be used in an oxygen-free
protective atmosphere containing some hydrogen
('forming gas') to minimise the formation of germani-
um oxide at the surface. These alloys are much stronger
than conventional lead-tin solders, having ultimate
strength (UTS) values that are approximately five times
that of Pb-60Sn at 20°C but only one quarter the duc-
tility (measured as percentage elongation) (4).
DEVELOPMENT OF 22 CARAT
GOLD SOLDER
These two high gold binary alloys appeared to provide
a suitable basis for a 22 carat solder but neither alloy is
22 carat. The Au-3Si is 23.3 carat while the Au-12Ge
is 21.1 carat. However, a continuous eutectic valley
extends from the Au-3Si composition to the Au-
12.5Ge in the ternary Au-Ge-Si system. This eutectic
valley crosses the 22 carat gold fineness, as shown in
Figure 3.
A series of alloys around the 22 carat composition
was evaluated in order to assess the sensitivity of sol-
derability to variation in composition. The experimen-
tal alloys were produced as foil by rapid solidification
in order to avoid the need for laborious mechanical
reduction. In the strip casting configuration of the
rapid solidification process, a quantity of the molten
alloy is forced throtlgh a slot onto a rapidly rotating
wheel and the metal solidifies with a very high cooling
rate (typically 1 million degrees per second) onto the
wheel to form a continuons ribben (5). The gold alloy
foils produced by this method were in the range 100-
1201im thick and 3mm wide.
As prepared, the foil was brittle, owing to the for-
mation of the hard metastable Au 3(Si,Ge) intermetallic
compound, produced when the cooling rate exceeds
5°C/sec (6). This embrittling phase is removed on
heat-treating the foil, as described below.
Foils of two alloy compositions were prepared by
strip casting, and made slightly gold-rich in order to
optimise the colour match to yellow 22 carat gold and
to provide a finite temperature range over which solid
Experimental alloys described in the
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Figurere 3 Partial gold-germanium-silicon phase diagram, in
weight percent
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coexists with liquid phase in a paste, to enhance the
gap filling characteristics. The compositions chosen
and their corresponding melting ranges were 92.5Au-
6Ge-1.5Si (melting range: 362-374°C, Alloy 1), and
92Au-7Ge-lSi (melting range: 362-382°C, Alloy 2).
These alloy compositions are shown in Figure 3.
One is relatively rich in germanium and the other in sil-
icon. There were two reasons for this, Firstly, to round
the compositions to integer or half-integer percentages
and also to establish whether, in a best case situation,
there was a chance of achieving good colour matching
of the joint to yellow gold. Spread tests were carried out
at 400°C (i.e. approximately 40°C superheat above the
solidus temperature) on 18 carat substrates coated with
a flash of pure gold. Both alloys gave satisfactory spread,
but there was less dross produced with Alloy 1 than
with Alloy 2. This soldering experiment and all the
other joining trials referred to below, were carried out in
a nitrogen flow furnace without a flux.
The colour match between the solidified solder
and the substrate remained unsatisfactory, the solder
being relatively whitish but the spread was good, with
a low contact angle between the solder and the sub-
strate. This is demonstrated by a `T'-joint comprising a
Figure 4 'T' joint made with the 92.5Au-6Ge-1.5Si (wt%)
alloy to pure gold strip (upright) and gold flashed 18
carat coupon base, showing excellent f lleting
Processing conditions: 10 min at 425 ° C in flowing
nitrogen atmospliere
Magnification: x 50
foil of pure gold soldered tangentially to a gold flashed
18 carat gold coupon at 425°C in the nitrogen flow
furnace (Figure 4). The photograph of the joint shows
the excellent filleting, smooth profile and uniform
microstructure of the solder.
Encouraged by these results, we replaced the 18
carat gold substrates by 22 carat gold, and oinitted the
overcoat of pure gold on the substrate metal used in
the 18 carat case. The 22 carat composition used was
91.7Au-5.5Ag-2.8Cu, which is the one normally used
for yellow gold. This alloy was prepared as an ingot
and rolled to 150µm sheet, from which square coupons
of about 0.5 sq cm were cut.
Another change effected at this time was to give
the solder foil produced by rapid solidification a soft-
ening heat-treatment. The effect of the heat-treatment
on the hardness of the 92.5Au-6Ge-1.5Si alloy is
shown in Figure 5. Clearly, the metastable intermetallic
decomposes fairly readily and if the foil is heated at
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Figure 5 Effect of heat-treatment at 285 °C in a nitrogen
atmosphere on the Vickers hardness of the 92.5Au-
6Ge-1.5Si (wt%) (Alloy 1), following strip casting by
rapid solidification
is sufficient to restore ductility. The rapid softening
observed is mirrored in the microstructure, which
changes from one with a massive base metal phase to a
finely divided distribution of Si-Ge in the gold matrix.
The heat-treatment also serves to yellow the foil which,
as cast, has a whitish hue.
With a view to enhancing the spread characteristics of
the solder, lengths of the foil of the 92.5Au-6Ge-1.5Si
alloy were plated with approximately 1.5µm of pure gold.
To assess the effect of this coating on solder spread, pieces
of the foil (-- 20 mg) were melted on 22 carat substrates at
different temperatures, in the range from 400 to 500°C
using foil prepared under four sets of conditions: (i) as
cast, without gold plating; (ii) as cast, with gold plating;
(iii) after softening heat-treatment, without gold plating;
and (iv) after softening heat-treatment, with gold plating.
The two plated foils had greatly superior spread char-
acteristics on 22 carat substrates. lt was found that sub-
stantial spread was only achieved using the unplated foil
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when temperatures were 500°C or higher. On the other
hand, joints made with softened foil, having a flash of pure
gold (r .1.5µm thick) exhibited excellent filleting. The
plating must be carried out after the heat-treatment: trials
using foil which had first been plated and then heat-treat-
ed showed impaired solder spread, caused by the diffusion
to the surface of Bilicon and its subsequent oxidation.
To achieve the best joint quality, the optimum solder-
ing temperatures for the plated foil were in the range 425-
450°C. At lower temperatures, there was evidente that the
solder had not completely melted and flow was sluggish,
whereas above 450°C dross formation bec me significant
as did erosion of the substrates by the inolten solder.
The joints appeared whitish but a post-soldering
heat-treatment of the soldered assemblies, carried out at
285°C for at least 120 min in a nitrogen shroud, yellowed
theet and produced an excellent toloor match to the 22
carat gold components. This yellowing effect can be cor-
related with the joint microstructure, with the morpholo-
Figure 6 Microstructure of 92.5Au-6Ge-1.5Si (wt%) (Alloy
1) before heat-treatment at 285°C, showing dentrit -ic
farm of the Ge-Si precipitates
Magnification: x 500
gy of the Ge-Si precipitates changing from dendritic in
shape to spheroidal, so that the same proportion of the
precipitate phase accounts for a smaller proportion of the
area of a free surface of the alloy. In consequente, the yel-
low gold matrix appears more dominant and the overall
colour of the alloy changes accordingly (see Figures 6 and
7). This explanation is borne out by quantitative image
analysis measurements which have shown that, whereas
the Ge-Si phase represents 45±2% of the area of solder
prior to the heat-treatment, it drops to 34±2% of the area
afterwards. This differente is evidently sufficient to
change the visible appearance of the alloy.
After coating with pure gold, the caratage of both
foils is shifted in the gold-rich direction to a level
Figure 7 Microstructure of 92.5Au-6Ge-1.5Si (wt%) (Alloy
1) after the heat-treatment at 285 °C in nitrogen,
showing spheroidal form of the Ge-Si precipitates
Magnification: x 500
between 22.3 and 22.4. Accordingly, it was decided to
examine the effect of a composition that was gold-defi-
cient, to a similar extern, on the characteristics of the
solder and to ascertain what effect, if any, the composi-
tion change has on the characteristics of the solder.
The new composition was 90Au-7.9Ge-2.1Si (melting
range: 362-376°C, Alloy 3 - see Figure 3).
The alloy was cast as a foil 100p in thick by rapid-
solidification. At this stage it was fairly brittle, having a
hardness of over 200HV, owing to the formation of the
hard Au 3 (Si,Ge) phase which forms at high cooling
rates (6). Heat treatment for 16 hours at 285 °C
reduced the hardness of the alloy by 50%, as shown in
Figure 5. With the application of a 1.5µm thick coat-
ing of pure gold, the overall caratage was 21.7 and the
melting range was approximately 362-370°C.
Figure 8 'T'-joint made witti the 90Au-7.9Ge21 Si (wt%) (Alloy
3) to 22 carat gold coupons, showingexcellent fzlleting
Processing conditions: 10 min at 425°C in flowing
nitrogen atmosphere
Magnification: x 50
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Soldering trials were carried out at 425°C on this
foil in a nitrogen flow furnace. The spread of the alloy
on 22 carat gold substrates and joints made to 'T'-
pieces of that caratage (Figure 8) indicated that its per-
formance was hardly distinguishable from that of the
higher gold-content solder foils. The joint microstruc-
tures were also virtually identical and the post-solder-
ing heat-treatment at 285°C in nitrogen had the same
effect of yellowing the joint.
A foil that would produce a joint with a 22 carat
composition would comprise a core strip of 91.6Au-
6.7Ge-1.7Si, coated both sides with a 1.5µm layer of
pure gold.
The effect of variation of the furnace atmosphere
on the joining characteristics of the solder has been
investigated. When an open shroud of nitrogen was
employed at a flow rate of 0.5m/sec without a flux, the
solder failed to wet and spread over the 22 carat sub-
strates, and similar results were obtained at different
flow rates. No differente was observed whether the
workpiece was loaded gradually into the preheated fur-
nace or whether it was brought up to the joining tem-
perature inside the furnace. Commercially available
fluxes were found to be unsatisfactory, accelerating the
oxidation of the molten solder.
The implication from these trials is that an inert or
reducing atmosphere furnace must be used. The fur-
nace system used in our laboratory, which achieves a
combined oxygen and water vapour level below 5 ppm,
is a relatively simple one, however. Nitrogen gas drawn
off a liquid nitrogen tank is passed directly through the
furnace, sealed at one end, at a flow rate of 0.5 m/sec.
At this flow race, the outlet of the furnace can be lelt
partly open provided that the soldering zone of the fur-
nace is more than about 0.5 m from the outlet. Because
there is good heat transfer via the flowing nitrogen to
the workpiece, the latter needs to be kept in the hot
zone of the furnace for no longer than ca 3 min.
PHYSICAL PROPERTIES OF THE
SOLDERED JOINTS
Particular attention was paid to two sets of properties
which are essential for jewellery alloys, namely mechanical
integrity and corrosion resistance of the soldered joints.
Mechanical strength of the joints
Mechanical integrity was assessed via lap shear and peel
resistance tests. The shear tests were carried out on lap
jointed specimens, where the joint was formed in the
waisted portion of the testpieces. The joint area was 2
sq mm. Failure of stressed testpieces always occurred in
the 22 carat gold rather than in the joint, with the
shear strengths in excess of 210 MPa. In all cases, fail-
ure in the peel specimens initiated in the 150µm thick
22 carat gold substrates and delamination was not
observed in well soldered specimens.
Corrosion resistance of the joints
There was initially some concern about the susceptibil-
ity of the solder to corrosion in an acidic environment,
such as washing up liquid, arising from the large differ-
ence in electrochemical potential between silicon and
germanium on the one hand and gold on the other (7).
However, corrosion tests on soldered joints immersed
for up to four days (100 hours) in water with a high
concentration (50% by volume) of washing-up liquid
at 70°C, demonstrated that the joints maintained their
mechanical integrity and their shiny appearance; the
silicon-germanium phase is a minority fraction by vol-
ume in the alloy (25%) and is dispersed as fine isolated
particles so that any corrosion is localised to the few
exposed particles at the surface.
FEASIBILITY OF A FURTHER
REDUCTION IN THE SOLDERING
TEMPERATURE
The possibility that a further reduction in the soldering
temperature could be achieved by adding one or more
constituents was considered. Assessment of phase
equibria indicated the existence of a ternary eutectic
reaction between Au, Si and Sb at 331°C, representing
approximately 30°C reduction from the Au-3Si and
Au-12Ge binary eutectic alloys (8). The ternary eutec-
tic composition, as determined in our laboratory is Au-
9.25Sb-2.5Si. This composition is of 21 carat fineness.
A 22 carat composition lying close to the eutectic
point and selGcted for examination was 91.6Au-6Sb-
2.4Si (Alloy 4). Its melting range of 330°-360°C is nar-
row, as befits a good solder, but this alloy was found to
suffer from two drawbacks. Firstly, it is hard (-
230HV) due to the presente of the AuSb 2 phase as a
large volume fraction and secondly, it is inadequately
colour matched to 22 carat yellow gold, having a sil-
very white hue. Therefore, attempts were made to
modify the composition to reduce its hardness and
improve its colour match to yellow gold. Moreover, as
it had been found that fluxes were not effective in pro-
moting wetting and spreading of the alloy on gold sub-
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strates, and consequently minor additions of known
spread promoters were added to destabilise the silica. A
number of elements were investigated as spread pro-
moters and softeners when added in minor quantities
(< 1 wt%). The most usefiil results were obtained with
zinc and germanium. Zinc was found to improve the
solder spread and flow but only at concentrations
above 0.5wt% and zinc had the additional benefit of
softening the alloy. At a zinc concentration of 0.75wt%
the hardness was reduced frorn -320HV to -128HV.
The further addition of up to lwt% of germaniutn was
found to reduce the hardness further to -124HV. This
is comparable with the hardness of the 22 carat Au-Ge-
Si solder in the annealed condition. The softening of
the multicomponent alloy produced by the germanium
could be associated with its observed gram refining of
the primary silicon phase, with the average silicon
gram size being reduced from -50µm to -10µm. The
germanium addition also reduced the melting point of
the alloy, as might be expected considering that germa-
nium is isomorphous with silicon but has a lower melt-
ing point. Thus, a 92Au-3Ge-3Sb-1.5Si-0.5Zn (wt%)
(Alloy 5) was found to possess a melting range of -
310-325°C. Rare earth additions also had some benefi-
cial effects, as shown in Figure 9.
These additions conferred noticeable benefits, but
they failed to achieve the requisite characteristics for a
22 carat gold solder. At these levels of additions, the
alloy was noticeably whitened but it had the propen-
sity to react with and erode the 22 carat gold sub-
strate at the expense of filling the joint (Figure 10).
Both features are inextricably linked with the antimo-
ny content and the formation of AuSb 2 although the
whitening effect is exacerbated by the zinc addition.
Figure 9 Effect  ofadding -0.Swt% of rare earths to the spread
characteristics ofthe 92Au-3Ge-3Sb-1.5Si-0.5Zn
(wt%) (Alloy 5 = Ae\C428)
Figure 10 92Au-3Ge-3Sb-1.5Si-0.5Zn (wt%) experimental
alloy (Alloy 5) melted onto a pure goldflashed 18
carat gold substrate at 460°C in nitrogen
(unfuxed), showing deeg reaction with the substrate
but little lateral spread
(a) Magnification: x 5t
(b) Magnificarion: x 125t
CONCLUSIONS
A 22 carat solder has been developed suitable for use
with gold jewellery items of similar fineness. Joints of
excellent quality (well filled and with rounded fillets) can
be produced using this solder in a fluxless joining opera-
tion and an inert gas atmosphere having low background
levels of oxygen and water vapour. It has not been found
possible to join in air under the cover of flux with the
new solder, but a suitable inert gas atmosphere furnace is
simple to construct and operate and the method has
advantages over fluxed soldering in air. Improvements
include the removal of a requirement to apply flux and to
clean the joined assemblies afterwards, and improved
t Please note inagnification may not be accurate due to reproduction
process in publishing.
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reproducibility of the soldering operation. Otherwise the
process is highly tolerant with respect to compositional
variation of the solder (from 21.7 to 22.4 carats), solder-
ing time (3 to 25 minutes) and temperature (425-
450°C). The melting point could be further reduced by
alloying with antimony, but this element whitens the
alloy and impairs its gap-filling characteristics.
While the joints are initially whitish, a simple heat-
treatment achieves good colour matching to yellow
gold. This heat-treatment could be integrated into the
soldering cycle. The joints to 22 carat gold items made
with the new solder are mechanically strong, having a
strength in excess of 200 MPa and more than adequate
corrosion resistance for jewellery use; consequently the
new method has the potential for raising the level of
technology used in jewellery production.
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